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ABSTRACT: Graphene-coated polypropylene (PP) textile fibers are presented for their
use as temperature sensors. These temperature sensors show a negative thermal coefficient
of resistance (TCR) in a range between 30 and 45 °C with good sensitivity and reliability
and can operate at voltages as low as 1 V. The analysis of the transient response of the
temperature on resistance of different types of graphene produced by chemical vapor
deposition (CVD) and shear exfoliation of graphite (SEG) shows that trilayer graphene
(TLG) grown on copper by CVD displays better sensitivity due to the better thickness
uniformity of the film and that carbon paste provides good contact for the measurements.
Along with high sensitivity, TLG on PP shows not only the best response but also better
transparency, mechanical stability, and washability compared to SEG. Temperature-
dependent Raman analysis reveals that the temperature has no significant effect on the peak
frequency of PP and expected effect on graphene in the demonstrated temperature range. The presented results demonstrate that
these flexible, lightweight temperature sensors based on TLG with a negative TCR can be easily integrated in fabrics.
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■ INTRODUCTION
Wearable technology is becoming a part of our lives, and the
global e-textile market continues to grow at a rate of 25%
according to the “Global E-textile Market 2018-2022” report.1
With end user industries of this technology including military,
sports, architecture, medical, fashion, and entertainment, one
of the major drivers of this market is the high demand for
health monitoring wearables. For instance, the defense sector
utilizes such wearable devices to remotely monitor the health
data of soldiers in order to deploy an emergency medical team
and rescue personnel. These sensors would also help
healthcare professionals to perform continuous monitoring of
the patient’s vitals.2 Therefore, the growing implementation of
health-monitoring devices subsequently increases the demand
for e-textiles, textiles that have integrated electronic function-
alities such as touch sensitivity, electroluminescence,3 thermal
regulation,4 and so forth. These textile-based devices can
consist of a single monofilament fiber5 as well as woven and
nonwoven fabrics.
This work focuses on temperature, being an important
health parameter, fluctuations of which can cause several
health-related problems. Therefore, accurate and precise
measurement of the temperature is essential. Temperature
sensors can be categorized into contact and noncontact
sensors. Contact type sensors require physical contact with
the object to be sensed using thermal conduction, while the
noncontact type uses convection and radiation.6 The
commercially available contact and noncontact temperature
sensors, despite giving high resolution and being highly
accurate, are usually quite rigid; they feel cold and can
therefore become uncomfortable for prolonged use. Several
materials, such as pure metals7 and conductive polymer
composites,8 have been demonstrated to show a large change
in electrical properties with changes in the temperature. Some
of the examples include metal-based resistance temperature
detectors (RTDs) using platinum,7 gold,9 and nickel10 in order
to achieve a positive thermal coefficient of resistance (TCR).6
However, the high processing temperature of these metals and
their rigidity often make them unsuitable for heat-sensitive
flexible substrates. To address this, several flexible, stretchable,
biocompatible, wearable, and textile-based temperature sensors
have been demonstrated over the years. These can be
thermocouple sensors, thermistors, semiconductor-based
sensors, flexible brain core temperature sensors, and near
body ambient temperature sensors among numerous others.11
There have been multiple reports of temperature sensors
based on printing technologies, such as silver nanoparticles on
a polyethylene terephthalate (PET) substrate,6 organic semi-
conductor in polycarbonate-based thermistors,12 and thermo-
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sensitive polymers on polyimide sheets,13 and even novel
approaches have also been adopted to sense the temperature
such as using optical fibers.14 However, all these techniques
require subsequently attaching the flexible sensor to a fabric, or
to a patch as artificial electronic skin,15 and are therefore not
completely integrated on textiles. Moreover, most of these
sensors are sensitive to washing, lack mechanical stability, and
would need to be patched on the skin; some also require a high
supply voltage. It is therefore of great interest to develop
monofilament textile temperature sensors that can be woven
into the textile fabric or simply integrated into clothing at
specific positions where temperature measurement is suitable
in order to offer continuous temperature monitoring.
Graphene has been used for temperature sensing, with most
examples relying on rigid substrates for fundamental
studies.16,17 Examples of temperature-sensing applications are
mostly based on reduced graphene oxide (RGO),18−20 which
is lower in quality and purity compared to pristine graphene,
and RGO composites with graphene.21 Nonetheless, recent
studies have highlighted graphene as a potential candidate for
the fabrication of the next generation of e-textiles.5,22,23
In this study, we propose a resistive temperature sensor
based on an insulating polypropylene (PP) monofilament
textile fiber that uses graphene as the temperature-sensing layer
and the change in resistance with temperature as the sensing
parameter. Silver ink and carbon paste have been used as
contacts to compare their adhesion to the textile fiber. These
sensors can very easily be integrated in garments, are almost
invisible because of their dimensions and optical transparency,
and can operate in contact and noncontact mode. Graphene
was produced by two approaches: top-down approach,
chemical vapor deposition (CVD); and bottom-down
approach, shear exfoliation of graphite (SEG). The proposed
devices are fabricated by coating monofilament polypropylene
textile fibers with graphene, as previously demonstrated by our
group.5 Along with being lightweight, eco-friendly, and
recyclable, compared with other tested polymeric materials,
these fibers have low thermal conductivity and high strain
resistance. Furthermore, we have previously demonstrated that
PP fibers can be coated with different types of graphene,23 so
their effectiveness and sensitivity to temperature has been
studied in the current work. Our devices require a steady and
low supply voltage of 1 V, which is suitable in terms of safety to
be used in e-textile applications. These devices are particularly
suited to measure the human body temperature, typically in
the range of 36.5−37.5 °C, in order to avoid dangerous
hypothermia (<35 °C) and hyperpyrexia (>40 °C).
■ EXPERIMENTAL SECTION
Textile Fibers. PP fibers are tape-shaped monofilament textile
fibers (0.03 mm thick and 2.4 mm wide) produced by Centexbel
using an extrusion line. These fibers were rolled into a reel and cut off
to the necessary length.
Chemical Vapor Deposition of Graphene. Trilayer graphene
(TLG) was grown by chemical vapor deposition on a 0.025 mm-thick
99.999% copper foil from Alfa Aesar using a furnace by MTI systems
inside a quartz tube at atmospheric pressure in an inert Ar
environment. The copper foil was horizontally placed on a quartz
substrate holder in the central isothermal growth zone of the reactor
during the entire process. The system was evacuated and then flushed
with Ar (300 sccm) to ensure the removal of any residual oxygen and
moisture. The temperature is ramped up to 1000 °C (33 °C/min),
and the tube is annealed at the same temperature for 30 min with a
mixture of Ar (230 sccm) and H2 (70 sccm). The Ar flow is stopped,
and graphene growth takes place upon introduction of methane (0.1%
CH4 in Ar) into the tube already in the presence of hydrogen for the
next 60 min. After the growth, the furnace is let to cool down to room
temperature at a rate of 16 °C/min, still under a CH4/H2 flow. Single-
layer graphene (SLG) was grown in a similar way but at a low
pressure, ramped up at the same rate of up to 1035 °C with 100 sccm
of H2, grown by adding 10 sccm of CH4 to the mixture for 60 s, and
rapidly cooled down by opening the furnace. Few-layer graphene
(FLG) grown on nickel (1 × 1 cm) was purchased from Graphene
Supermarket with thickness of the film varying from one to seven
layers with an average of four. All CVD-grown graphene samples were
transferred as described previously,5 but 1 M solution of FeCl3 was
used to chemically etch copper and nickel.
Shear Exfoliation of Graphite. Shear-exfoliated graphene (SEG)
was produced by shear exfoliation of graphite powder (Sigma Aldrich)
in deionized water and with sodium cholate as a surfactant, as
previously described.25 The suspension was left to rest overnight
before the decanting step to remove the unexfoliated excess graphite.
PP fibers were coated with graphene films produced from these
suspensions using the IDT (isopropyl alcohol-assisted direct transfer)
method also described previously but at a temperature of 85 °C. It
should be noted that these SEG-coated PP fibers differ from the SEG-
coated fibers demonstrated previously,3 which were transferred via a
cellulose-based dip-coating method. It was found that these films
contain an average of three layers.25
Raman Spectroscopy. A WITec Alpha 300R (confocal Raman
system) spectrometer (WITec Inc., ULM, Germany) equipped with a
thermoelectrically cooled CCD detector (−60 °C) was used with a
532 nm laser excitation source backscattered light collection with a
50× Zeiss objective (EC EPIPLAN NA 0.7) and a spot size of 388
nm. The spectrometer grating of 600 or 1800 g/mm was used. The
analysis software used was WITec Project Plus. Temperature-
dependent Raman spectra were recorded at a heating rate of 5 °C/
min, and measurements were taken every 5 °C using the Renishaw
Raman system. We used a long working-distance 50× objective and
514 nm argon ion laser at 10−50% power in nitrogen to avoid sample
damage.
Temperature-Dependent Electrical Resistance Measure-
ments. The electric conductivity of the sensors was measured by a
two-probe method using tungsten probes and a Keithley 2400 source
measure unit. Carbon paste and silver ink were used to draw the
contacts to facilitate the measurements. The fibers coated with
contacts were immobilized on a rigid substrate (glass slide), then the
probes were placed on the contacts. A hot plate (Thermo Scientific,
Super Nuova) was used to increase the temperature at an incremental
step of 1 °C. To obtain the change in resistance, the temperature was
increased from 30 to 70 °C. The probes are placed at a set channel
length of 1 cm (channel width is the width of the fiber, 2.4 mm) to
make the measurements at different temperatures comparable, and
the current was recorded with an imposed voltage of 1 V.
Optical Transmittance Measurements. TLG was transferred to
glass to acquire the transmission spectra using a custom-built UV−vis
microspectrometer. Light from an incandescent bulb was focused
onto the samples through a condenser lens, collected by a 20×
microscope objective, then delivered to the entrance slit of a
spectrometer (Princeton Instruments Acton SP2500) equipped with a
1800 g/mm and CCD camera (Princeton Instruments PIXIS400).26
Transmittance as a function of wavelength was calculated as T = I/I0
where I is the measured spectral intensity through the sample, and I0
is the incident light intensity. Corrections to account for the optics
and gratings efficiencies at different wavelengths were applied using
the Princeton Instruments IntelliCal system.26
Bending Tests. In order to investigate the flexibility and
mechanical resilience of the PP conductive fibers, graphene-coated
fibers were subjected to a series of bending tests of up to 1000
bending cycles with a fixed bending radius of 5 mm, and the effect of
bending on their electrical resistance, back to a flat position after
bending, and temperature sensitivity was studied.
Washing Tests. Washability of the temperature sensors were
studied by washing the graphene-coated fibers in a solution of
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commercial laundry detergent and tap water for 60 min using a glass
beaker and a magnetic stirring bar. Several parameters such as the
temperature (30, 40, and 50 °C), spin speed (400, 800, and 1000
rpm), and laundry detergents (regular and for sensitive fabrics) were
varied. This was done to emulate the use of a washing machine. Initial
resistance prior to washing and final resistance after washing were
recorded.
Scanning Electron Microscopy. A TESCAN VEGA3 scanning
electron microscope (SEM) was used to perform morphological
characterization of the sensor’s surface at an accelerating voltage of 10
kV and working distance of 10 mm.
■ RESULTS AND DISCUSSION
The textile temperature sensor architecture is depicted in the
Figure 1a inset and consists of (1) graphene as the
temperature-sensing layer, (2) PP textile fiber as the flexible
substrate, and (3) carbon paste as the contact material.
Different types of graphene coatings have been employed. The
three types of graphene grown by CVD are as follows: single-
layer graphene (SLG), purposely developed trilayer graphene
(TLG) grown on copper, and few-layer graphene (FLG)
grown on nickel. Additionally, graphene films produced by
shear exfoliation of graphite were also tested. In addition to
carbon paste, silver ink was also tested as a contact material but
with poor results due to the general lack of flexibility of
metallic contacts. The different graphene films were obtained
and transferred onto the PP fibers as described in the previous
section.
Optical transmittance analysis was performed to ascertain
the number of layers of graphene (Figure 1a). For this purpose,
TLG was transferred to glass. Numerical and experimental
studies have found that the optical transmittance of graphene
follows a nonlinear negative exponential function of the form T
= (1 + 1.13παN/2) − 2, which gives a good description of the
transmittance of light through multilayer graphene in the
visible range.27 Here, N is the number of graphene layers; α =
eℏ2/c ≈ 1/137, which is the fine structure constant; and 1.13
is the estimation of the correction coefficient. The
experimental data for optical transmittance in TLG was
extracted at 550 nm since at this wavelength it is independent
of the stacking sequence. It was found to be ca. 91.6%, which
corresponds to a calculated number of layers of three (Figure
S1, Supporting Information). Figure 1b shows the character-
istic Raman spectrum of TLG on Si/SiO2 with the most
notable features of the spectrum being the Si peak at 520.7
cm−1 and the distinctive graphene peaks: the disorder-induced
D peak at 1351 cm−1, G peak corresponding to the E2g mode at
1592 cm−1, and the overtone of the D band as the 2D peak at
2680 cm−1.28 Following the method developed by Koh et al.,29
which consists of comparing the intensity of the G peak of the
graphene film transferred onto Si/SiO2 and the first-order
optical phonon peak of Si, IG/ISi, the number of graphene
layers on the same TLG films transferred onto Si/SiO2 was
found to be three, corresponding to an IG/ISi ratio of ca. 0.28.
This method was employed to an area of 30 × 30 μm2 of the
produced TLG film (inset of Figure 1b with details in Figure
S2, Supporting Information), showing that the sample is
homogeneously dispersed in terms of number of layers, ranging
from one to four layers, with trilayer being the predominant.
Raman spectroscopy was also used to identify the presence of
graphene on PP after transfer. The Raman spectra for SLG-,
TLG-, FLG-, and SEG-coated PP, as well as for the bare PP
fiber, are shown in Figure S3 (Supporting Information). In
these, the G peak appears in a relatively unpopulated area of
the spectrum and, although small, is therefore clearly
identifiable, whereas the 2D peak partially overlaps a peak
from the PP fiber. A more detailed characterization of the
purposely developed TLG films can be found in the
Supporting Information. These results are in agreement with
the optical transmittance tests.
To determine the temperature-sensing properties of
graphene-coated PP fibers, the devices were electrically
characterized, and the variation of resistance was measured
with an externally controlled temperature from 30 to 70 °C in
the contact mode. Figure S4 (Supporting Information) shows
the temperature dependence of the resistance of PP fibers
coated with the different types of graphene measured with
carbon contacts. No trend in the change of resistance has been
observed in the PP fiber coated with FLG, suggesting that this
type of graphene is not a good candidate for temperature
sensing perhaps due to the larger number of layers. SEG on PP
shows some sensitivity to temperature while using both carbon
and silver paste as contacts, as shown in Figure S5 (Supporting
Information). However, it was observed that this is not
repeatable, with one layer only not being robust enough for the
purpose. Although SEG has fewer layers than FLG, the nature
of top-down graphene is different, with these films consisting
of overlapping flakes rather than merging crystalline domains.
Furthermore, since the SEG process requires the use of a
surfactant, sodium cholate, the presence of its residues on the
film might also contribute to these results, as demonstrated
previously in ref 24 with a detailed study. Figure 2a shows that
in the case of TLG-coated fibers, the resistance decreases with
Figure 1. (a) Transmittance as a function of wavelength for TLG on glass with an SEM image of graphene-coated fibers (SEM study in the
Supporting Information) and depiction of the temperature sensor with graphene-coated PP fibers and carbon contacts in the inset. (b) Raman
spectrum of TLG on Si/SiO2, highlighting the characteristic graphene Raman peaks with a 30 × 30 μm in the inset of IG/ISi showing how the layers
are distributed (three layers correspond to 0.28 IG/ISi).
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the increase in the temperature, the negative temperature
coefficient (NTC) behavior showing linearity between ca. 30
and 45 °C. The errors associated with these measurements are
considerably small, as shown in Figure S6 (Supporting
Information). We defined the sensitivity of our sensors as
the ratio of the change in resistance to the initial resistance
(ΔR/R0). The thermal coefficient of resistance can be defined
by TCR = Rb − Ra/Ra(ΔT), where ΔT = Tb − Ta is the change
in the temperature, and Ra and Rb are the initial and final
resistance, respectively. The calculated TCR for TLG-coated
fibers is ∼−0.0017 °C−1, which is similar to, albeit slightly
higher than, other reported values for graphene.30−32 A similar
behavior has been reported for graphene-based thermistors on
a PDMS substrate, printed graphene electrodes on a PET
substrate,33 and multiwall carbon nanotubes.34 It has also been
shown that for graphene, which is a semimetal,35 quenching of
electrical resistance takes place when the temperature exceeds
room temperature.36 Figure 2a also shows that the linear
behavior is observed with and without the carbon paste
contacts but is suppressed when the silver paste is used as
contacts instead, making these contacts unsuitable for the
purpose of temperature sensing. It should be noted that the
supply voltage for all these devices was 1 V, suggesting low
operating voltage applications. In fact, the linear response can
also be observed at 0.5 V (Figure S7, Supporting Information)
but with a larger sensing error. In terms of robustness, Figure
2b shows that the sensing behavior remains mostly unchanged
over 10 temperature cycles with good linearity (see the
Supporting Information for details). Above ca. 48 °C, the
resistance deviates from linearity as can be seen in Figure 2c.
Power consumption for these sensors were found to be in the
range of 12−14 μW, suggesting that these devices are easily
applicable in low-power electronics. A more detailed character-
ization of the sensing behavior with different contact materials,
silver and just the tungsten probes, is shown in Figures S8 and
S9 in the Supporting Information. Once again, silver ink did
not show the same behavior, and we believe that this is related
with poor adhesion of silver ink to the graphene film compared
to carbon paste. With just the tungsten probes in direct contact
with graphene, the response was still linear. Finally, in order to
demonstrate the ability of these TLG-based sensors to
continuously monitor the ambient temperature in the
noncontact sensing mode (sensing the air rather than the
surface they are in contact with), they were measured against a
commercial temperature sensor with time as the independent
variable and using a hot air gun. As shown in Figure S10
(Supporting Information), the TLG sensor follows a similar
trend as the commercial sensor.
The graphene-coated PP fibers were subjected to scanning
electron microscopy analysis to obtain information about the
surface topology after exposure to temperature. It can be seen
(Figure S11, Supporting Information) that for uncoated PP
fibers and for PP fibers coated with all types of graphene
coating employed, there are no visible changes in the
topography after temperature cycling. The CVD graphene
coatings are very thin, so the extrusion lines of the PP fibers are
visible particularly with TLG and slightly blurred with the
thicker FLG.5,24 However, SEG-coated samples displayed
cracks in the coating to begin with (Figure S12, Supporting
Information). Unlike the continuous CVD films, SEG films
comprise overlapping graphene flakes, possibly considerably
thick in places, and this might explain why these films were so
unreliable for the purpose of temperature sensing.
Temperature-dependent Raman studies were performed to
further understand if temperature exposure affects the PP and
TLG within the range of room temperature to 85 °C. To study
this, five distinct peaks in Raman spectra of PP were chosen:
peak A at 841 cm−1, peak B at 998 cm−1, peak C at 1151 cm−1,
peak D at 1328 cm−1, and peak E at 1460 cm−1. It can be seen
in Figure S13 (Supporting Information) that the Raman
spectra of PP do not show any significant change in the 25−85
°C temperature range. Figure 3 shows the fitted G peak
position of TLG on PP as a function of temperature in the
range of 25−85 °C. Following the work of Calizo et al.,37 we
fitted our data with a straight line. A calculated slope of
Figure 2. Sensitivity as a function of temperature for a TLG sensor in
contact mode (a) in the human body temperature range with different
types of contacts, (b) for multiple body temperature cycles, and (c)
for a larger temperature range of 30−70 °C.
Figure 3. Raman shift of the G peak of TLG on PP as a function of
temperature. The data fits a straight line with a slope of −0.01273,
similar to the value obtained by Calizo et al.37
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−0.0127 cm−1/°C is comparable to a slope of −0.015 cm−1/
°C for bilayer graphene that was observed by Calizo et al.37
The slope is evident of the behavior that there is a decrease in
the G peak position as a function of temperature as expected.
As the Raman data shows, there are no structural changes or
any negative effects of the temperature on the PP and TLG
and that TLG is indeed showing the expected temperature
dependence.
The mechanical stability (Figure 4a) and washability (Figure
4b) tests show that there is no significant change in resistance
of CVD graphene with multiple washing and bending, which is
in agreement with previous studies.3,5,24 The changes observed
with bending could be minimized by locating these textile
temperature sensors in the torso area below or near the armpit,
for example, a place where temperature is usually taken with
conventional thermometers and where minimizing the strain is
applied from lifting the arms, for example. The same bending
study was performed with SEG with a much higher change in
resistance (Figure S14, Supporting Information). Although it
was observed that the SEG is resistant to bending stress
initially, its devices are affected by it after several bending
cycles. This might be because of the graphene flakes detaching
and/or being displaced from the PP fiber surface during
rigorous washing and bending. It was observed that CVD
graphene performs better than SEG when different parameters
such as washing temperature, washing spin speed, and laundry
detergents were varied, and the change in resistance was
recorded (detailed plots in Figure S14, Supporting Informa-
tion). This was done to emulate the washing machine use.
Nevertheless, a temperature sensor for human body temper-
ature monitoring would require encapsulation in order to
prevent direct contact of graphene with the skin and
environment, which would also protect the sensing layer
from abrasion. It should be noted that this additional
encapsulation layer would be placed on the outside of the
sensor and is therefore not expected to interfere with the
temperature sensing. An appropriate choice of an encapsulat-
ing polymer and thickness of the encapsulating layer would
ensure the mechanical properties of the device would not
change significantly.
■ CONCLUSIONS
Graphene-based textiles for temperature sensing were
fabricated and characterized. It was found that trilayer
graphene on production by the chemical vapor deposition
process along with carbon paste contacts produced a consistent
temperature sensing from 30 to 45 °C, operation of which
requires a low input voltage, making it suitable for low power
wearable technology. Durability, flexibility, transparency, and
washability of the devices were studied. It has also been
demonstrated that despite the scalability of graphene inks,
graphene grown by chemical vapor deposition is more suitable
for temperature sensors. The effect of temperature on the
Raman spectrum of the trilayer graphene-coated textile fiber
was studied, and redshift was observed in the G mode of
graphene, while the studied peaks of the polypropylene
substrate showed no significant change in the examined
temperature range. These sensors have a potential application
in continuous measurement of the human body temperature
while being integrated in garments or of the ambient
temperature while being integrated in upholstery.
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